among others [Cronquist et al. 1986]). However, several isolated populations of plains cottonwood (P. deltoides subsp. monilifera) were recently identified along the Kootenai, lower Snake, and Columbia Rivers and their tributaries (Fig. 1) . These populations could be the result of either historic contractions or recent expansions of introduced trees (mid-1900s). These populations also appeared to contain individuals that had hybridized with black cottonwood (P. trichocarpa) and Lombardy poplar (P. nigra var. italica). The purpose of this study was to utilize field surveys (both recent and historic) along with isozyme analyses to explore the probable origin of these scattered populations of plains cottonwood. If isozyme analysis showed a low level of genetic variation, these populations were probably the result of a limited number of introduced genotypes. Alternatively, high levels of genetic variation within and among populations would lend support to either the presence of relictual populations or a more recent naturalized range extension of plains cottonwood. ABSTRACT.-Historic botanical surveys documented that the natural distribution of the plains cottonwood (Populus deltoides subsp. monilifera) was limited to semiarid drainages east of the Rocky Mountains. Recently, a number of isolated populations of plains cottonwood have been found along the Kootenai, lower Snake, and Columbia Rivers and their tributaries. We used isozyme analysis to assess the genetic structure of these Pacific Northwest (PNW) populations in relation to native cottonwood populations east of the Rocky Mountains. These genetic data along with field surveys (dbh, age estimates) and cadastral field survey notes (mid-1800s) were used to understand the origin of these disjunct populations (i.e., relictual natives versus naturalized introductions). Genetic analyses revealed high levels of genetic diversity within and among PNW populations as well as hybridization with black cottonwood (P. trichocarpa). The observed range of genetic variation for PNW populations was similar to that of native cottonwood populations. Collectively, these data confirm that these scattered populations are plains cottonwood (Populus deltoides subsp. monilifera). Age estimates of the largest individuals found within study populations ranged from 27 to 51 years. Cadastral field surveys also noted the absence of woody vegetation along the lower Snake and Columbia Rivers. Considered together, the data suggest that these populations are of recent origin. The high levels of observed genetic variation are consistent with the reproductive biology of Populus spp. (i.e., obligate outcrossing and widespread dispersal of pollen and seed by wind and water) and a recurrent introduction of plains cottonwood throughout the study area.
companies (e.g., K. Wearstler, Boise Cascade Corporation) surveyed most drainages within the Columbia Basin for Populus spp. As a result, the locations of various P. deltoides populations were recorded for most of Oregon, Idaho, and Washington. This species was also commonly planted in city parks and gardens throughout the region (observations of R.F. Stettler, H.D. Bradshaw, J.H. Braatne, and S.J. Brunsfeld). In the late 1990s, age and size class were determined and genetic analyses were performed for several study populations (Fig. 1) . Voucher specimens were collected for all populations, and their taxonomic identity as Populus deltoides subsp. monilifera was confirmed by T.C. Brayshaw and J.E. Eckenwalder. Specimens are now located in the University of Washington Herbarium (WTU), Seattle, Washington, and the University of Idaho Research Herbarium (IDF), Moscow, Idaho.
Age and Size Class
In each study population, 3-5 of the largest individuals were selected for age and size class measurements. All samples were collected during winter 2000. Size measurements were obtained with a Lufkin dbh tape (nearest 0.1 cm). Tree cores were obtained with a Haglof increment borer (5.15 mm, 72 cm), mounted on wood blocks, and sanded with 400 grit sandpaper. Four independent ring counts were obtained for each core. We estimated tree age using these data and estimated the approximate time period of initial establishment for each population.
Cadastral Field Survey Notes
Cadastral field survey notes (i.e., public land surveys of the mid-to late 1800s) were obtained for the largest study populations (Columbia River, near Plymouth, WA; Snake River near Ontario, OR; and Kootenai River near Bonners Ferry, ID) from library collections at the Universities of Idaho and Washington. Appendix 1 contains an abbreviated summary of these field notes.
Genetic Analysis
Leaf samples for isozyme analyses were collected from populations growing along major rivers at various locations throughout the Pacific
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NATURALIZATION OF PLAINS COTTONWOOD 311 Northwest, Great Plains, desert Southwest, Midwest, and southern Mississippi River valley (Table 1) . Leaves were collected from low branches or root sprouts of different trees (minimum distance of 10 m between sample trees). Samples were placed in plastic bags with wet paper towels and kept on ice in the field. All samples were healthy (with the exception of freezing damage on leaf samples from Nebraska) on arrival at the National Forest Genetic Electrophoresis Laboratory (Placerville, CA). SAMPLE PREPARATION.-Two discs 7 mm in diameter were placed in a microtiter plate well containing 3 drops of a Tris buffer pH 7.5 (Gottlieb 1981) , and the plates were frozen at -70°C. On the morning of the electrophoretic run, tissue samples were thawed and macerated in the buffer. Five 3-mm-wide wicks prepared from Whatman 3MM chromatography paper were saturated with the slurry, 3 were run, and the other 2 frozen as backups.
ELECTROPHORESIS.-Electrophoretic methods followed those of Conkle et al. (1982) . The following enzymes were examined: diaphorase (DIA), fluorescent esterase (FEST), glutamateoxaloacetate transaminase (GOT), isocitrate dehydrogenase (IDH), leucine aminopeptidase (LAP), malate dehydrogenase (MDH), malic enzyme (ME), phosphoglucomutase (pGM), phosphogluconate dehydrogenase (6PGD), phosphoglucose isomerase (PGI), triosephosphate isomerase (TPI), and uridine diphosphoglucosepyro-phosphorylase (UGPP). A total of 20 loci were resolved sufficiently for use in genetic analysis. A lithium borate electrode buffer (pH 8.3) was used with a Tris citrate gel buffer (pH 8.3) to resolve FEST-2, LAP-1, LAP-2, ME7, PGI-1, PGI-2 and PGM-1. A sodium borate electrode buffer (pH 8.0) was used with a Tris citrate gel buffer (pH 8.8) to resolve GOT-2, TPI-1, TPI-2, TPI-3, UGPP-1, and UGPP-2. A morpholine citrate electrode and gel buffer (pH 8.0) was used to resolve DIA-1, IDH-1, MDH-1, MDH-2, 6PGD-1, 6PGD-2, and 6PGD-3. All enzymes were resolved on 11% starch gels. Stain recipes for enzymes also followed Conkle et al. (1982) , except for GOT which was stained according to Wendel and Weeden (1989 DATA ANALYSIS.-Genetic interpretations were inferred directly from allozyme phenotypes and based on knowledge of the conserved enzyme substructure, compartmentalization, and isozyme number in higher plants (Gottlieb 1981 , 1982 , Weeden and Wendel 1989 . These cottonwoods are considered diploid with 19 pairs of chromosomes (Smith 1943 , Moldenke 1973 , Larson 1986 , and most isozyme loci showed diploid expression, but the genus may be diploidized ancient polyploids (Bialobok et al. 1976 ). In cottonwoods, most allozyme variants show Mendelian inheritance (Rajora 1990a , Muller-Starck 1992 . We used Popgene version 1.21 (Yeh et al. 1997 ) to analyze results. A locus was considered polymorphic if an alternate allele occurred even once. Statistics included unbiased genetic distances (Nei 1978) , expected heterozygozity (Nei 1973) , expected number of alleles per locus (Kimura and Crow 1964) , and gene flow (Nm = 0.25[1/Fs]/Fst; Slatkin and Baron 1989) . A dendrogram was generated in Popgene using UPGMA and Nei's unbiased genetic distances. F statistics (Wright 1978) for taxa were generated by BioSys-1, version 1.7 (Swofford and Selander 1989) .
RESULTS

Age and Size Class
Though relatively large in size (35-88 cm dbh), all cored trees were quite young. Age estimates ranged from 22 years to 51 years, with the oldest trees (48-51 years) found at Bonners Ferry, Idaho, and the youngest trees (28-33 years) at Plymouth, Washington. No stumps, indicative of the earlier harvesting of older cottonwood trees, were observed in any of the study locations. These populations apparently were established from the 1950s through the 1970s and are thus of recent origin.
Cadastral Field Survey Notes
The cadastral field survey notes and map plats from the mid-to late 1800s recorded the general absence of "timber" and cottonwood along the lower Snake and Columbia Rivers (Appendix 1). Scattered clumps of native willow (presumably Salix exigua) were limited to backwater sloughs and river margins. Willows and other riparian shrubs were somewhat more abundant on the alluvial fans of side tributaries to the Columbia and Snake Rivers. In the late 1800s, black cottonwood (P. trichocarpa) was recorded along the Kootenai River, but not plains cottonwood. Since plant taxonomists, such as E.L. Ornsbee and E. Giddings, were members of these cadastral field survey crews, we can be relatively confident that, if plains cottonwood had been present, it would have been correctly identified.
Genetic Analysis
All populations were moderately variable (Table 2 ) with the exception of 2 plains cottonwood populations from Montana (LA and PO), 1 Fremont's cottonwood population from Nevada (L), and 1 PNW population ( JJ). No fixed differences in allele presence coincided with species boundaries, but extreme differences in allele frequencies separated some taxa (e.g., 6PGD-2 and 6PGD-3; Appendix 2). Genetic distances between populations varied widely, but most populations of the same taxon had identities above 0.85 (Table 3) .
Dendrograms based on Nei's genetic distances between populations divided the populations into 2 clusters (Fig. 2) . One cluster contained black and narrowleaf cottonwoods (and the JJ population, see Discussion), and the 2nd contained Fremont's, eastern, plains, and PNW cottonwoods. In this larger 2nd cluster, populations of P. deltoides (both varieties) and PNW cottonwoods formed a single cluster that was closely aligned and clustered with Fremont's cottonwood populations.
Ten alleles (at 8 loci) were observed in PNW cottonwoods and not in other populations of P. deltoides (Table 4) . Three of these alleles were unique to PNW cottonwoods, 2 were shared only with black cottonwood, and 5 were shared with black, narrowleaf, and Fremont's cottonwoods. With 2 exceptions, the alleles observed only in PNW populations were uncommon to rare in those populations. The PNW populations ON, P, and SU had high numbers of rare alleles (those with frequency <0.1; Appendix 2), and that remained true when alleles shared with species other than eastern or plains cottonwoods were removed from the analysis (data not shown).
As expected, more genetic variation was present among individuals within a population (Fis) than among populations of a taxon (Fst; (Kimura and Crow 1964) ; AP = average number of alleles per polymorphic locus; Ho = observed frequency of heterozygotes; He = frequency of heterozygotes expected under Hardy-Weinberg equilibrium conditions; Fis = proportion of genetic variation found among individuals within a population; Fit = proportion of genetic variation found among individuals within a taxon; Fst = proportion of genetic variation found among populations within a taxon; Nm = calculated gene flow between populations within a taxon. (Nei 1978). throughout the Columbia Basin has provided multiple sources for additional establishment at nearby rivers. It would thus appear reasonable to infer that P. deltoides subsp. monolifera has recently become naturalized along major rivers (and their tributaries) west of the Rocky Mountains.
Patterns of Genetic Variation
This study showed higher levels of genetic diversity than previous studies (Weber and Stettler 1981 , Rajora 1989 , 1990a , 1990b , Rajora and Zsuffa 1990 . Our results differ from studies by Rajora (1989 Rajora ( , 1990a Rajora ( , 1990b and Rajora and Zsuffa (1990) because their research was not specifically designed to assess genetic diversity of wild populations. Sample sizes in previous studies of eastern cottonwood were also lower. The study of black cottonwood by Weber and Stettler (1981) included larger sample sizes and more populations but was confined to a climatically more homogeneous region west of the Cascades (resulting in less interpopulation variation). In contrast our study sampled a wide range of climatic and environmental regimes.
Population genetic variability was similar to that of other long-lived woody plants at both the species and the population level (Hamrick and Godt 1992) . Genetic distances between conspecific plant populations usually exceed 0.9 (Crawford 1990); this was true for most of the cottonwood taxa (Table 3) . However, conspecific populations of eastern and narrowleaf cottonwoods were more distinct than expected (Table 3) .
Identification and Taxonomy
Allozyme data defined groups that were consistent with established cottonwood taxonomy. Black and narrowleaf cottonwood are in section Tacamahaca Spach; and Fremont's, eastern, and plains cottonwood are in section Aigeiros Duby (Krussman 1977 , Eckenwalder 1996 . These 2 sections coincided with the 2 clusters of populations identified with allozymes (Fig.  2) . However, no fixed allozyme differences between cottonwood species were observed (Fig.  2) . Therefore, the PNW cottonwood is P. deltoides, not an isolated population of Fremont's cottonwood (Fig. 2) . Isozyme frequencies did not support the traditional taxonomy within P. deltoides. They failed to differentiate the sampled populations of P. deltoides var. deltoides from Midwestern populations of P. deltoides var. occidentalis. (The latter taxon is now referred to as P. deltoides subsp. monilifera.) The southern sample of P. deltoides var. deltoides, collected in and near the delta of the Mississippi River, was highly divergent. However, the genetic distance between the Nebraska population (P. deltoides var. occidentalis) and the north Midwestern sample of P. deltoides var. deltoides was 0.9861, the highest value found 316 WESTERN NORTH AMERICAN NATURALIST [Volume 66 in this study (Table 3) . A previous isozyme study also showed a lack of differentiation between populations of P. deltoides var. deltoides and P. deltoides var. occidentalis (Rajora 1989) . Morphologically the 2 varieties are confluent over a large area of the eastern Plains and upper Midwest (Gleason and Cronquist 1991, Eckenwalder 1996) . The close genetic relationship between the sample from Nebraska and that from clones gathered from the upper Midwest apparently reflects the biology of these trees more closely than their nomenclature would suggest.
Introgression and Asexual Reproduction
Ten alleles occurring in the PNW populations were observed in no other P. deltoides population (Table 4) . Seven of these alleles were also present in black cottonwood, and some of them were present in narrowleaf and Fremont's cottonwood. Plains cottonwood hybridizes naturally with all sympatric species of Populus, including black and narrowleaf cottonwood, though cottonwood hybrids are usually less fertile (Smith 1943 , Brayshaw 1965 , 1996 , Eckenwalder 1996 . Perhaps these 7 alleles were introduced into PNW populations of P. deltoides subsp. monilifera via introgression with black cottonwood. Given the location of PNW populations within the central range of black cottonwood, this level of introgression is not unexpected.
Given the tree-to-tree variation, we judged that most cottonwoods sampled resulted from sexual reproduction rather than clonal spread. In fact, the number of genetic individuals may be greater than the reported number of multilocus genotypes because the samples may differ at loci not studied. The low number of individuals per genotype is consistent with the observation that, although cottonwoods sprout readily from stumps or root crowns, they rarely spread clonally by suckers (Zsuffa 1976 ). This contrasts with quaking aspen (Populus tremuloides Michx.) in which single clones may cover many acres and include dozens or hundreds of stems (Kemperman and Barnes 1976) .
The PNW population JJ differed significantly from other populations. This uniformly distributed population occupied about 0.4 ha along an abandoned railroad, and the subset sampled came from an area of <0.1 ha. Its allozyme pattern did not cluster with other PNW cottonwood populations (Fig. 2) , and 16 of the 19 trees shared a single multilocus genotype, most likely the result of vegetative reproduction. Four alleles observed in all samples from population JJ are present in other species but not in any other sampled populations of P. deltoides. The sampled JJ population appeared to consist of a single clone, which was probably a hybrid between P. deltoides and either black or narrowleaf cottonwood, or the descendant of such a hybrid. This stand appears to exhibit higher levels of clonal reproduction than any other sampled population.
Origins of Plains Cottonwood Populations in the Pacific Northwest
The PNW populations were genetically variable and most closely related to the plains cottonwood populations from Montana (populations LA and PO; Fig. 2 ). Thus, allozyme data suggest that PNW populations were either native or the result of multiple introductions from populations east of the Rocky Mountains. If PNW populations originated from deliberate introductions, they were limited to sources west of the Mississippi River. Isozyme analysis alone cannot rule out contrasting hypotheses that the PNW plains cottonwoods were introduced or were native. In fact, it may be appropriate to complement this genetic analysis with studies using chloroplast DNA (cpDNA), an emerging tool for studying historical phylogenetic lineages (Cottrell et al. 2005) . However, when allozyme data are combined with other data sources (i.e., field surveys, cadastral field notes, and documentation of a lack of extensive hybrid swarms), these regional populations of plains cottonwood appear to be of recent origin. Their high levels of genetic diversity reflect the reproductive biology of Populus spp. (i.e., obligate outcrossing and wind or water dispersal of pollen and seed; Braatne et al. 1996) and would be perpetuated via both natural or human-assisted spread. Given its suite of morphological and physiological adaptations to arid climates (Braatne et al. 1992 (Braatne et al. , 1996 , plains cottonwood should also continue to expand its range throughout the lower Columbia and Snake River basins. Researchers and taxonomists should thus be aware of the naturalization of the plains cottonwood (Populus deltoides var. monilifera) along river drainages west of the Rocky Mountains. 
